In this paper we present two new ideas for drift detectors with two dimensional position resolution. The first idea is based on the regular drift detector, but has a slightly different design in order to deal with diffusion problems. The second idea embodies a completely new type of drift detector that uses drift time measurements for both dimensions. The design consists of concentric quadrilateral closed strips with a small collecting anode in the centre. At first electrons travel perpendicular to the strips until they reach a diagonal. Then they proceed along this diagonal until they are collected at the centre. Position resolution in two dimensions can be obtained when both the time the electrons need to reach the diagonal and the time they need to reach the centre are measured. The latter is obtained from the collecting anode, the former from a diagonal strip present at the back side of the detector. Compared to common 2D drift detectors this detector offers the advantage of a small amount of read out electronics. It also has the advantage of having just one small collecting anode with a very low capacitance, resulting in low noise and therefore in a good energy resolution.
I. INTRODUCTION
Silicon drift detectors are becoming more frequently used devices for two dimensional position sensitive radiation detection (e.g. [ 13). A typical layout of such a device is shown in Fig. 1 . It consists of a regular drift detector geometry [2,3], but the anode is divided into pixels. Position resolution in the drift direction (x) is obtained from the drift time information. In the other direction (y) the number of the collecting anode pixel supplies position information. The spatial resolution is mainly determined by lateral diffusion of the electrons and the pitch of the anodes. When, due to diffusion, electrons are collected at more than one anode, the position can be determined by interpolation of the signals from the different anodes. Thus a position resolution smaller than the anode pitch can be achieved. For small numbers of electrons, lateral diffusion is a problem, since then the relatively large statistical spread makes accurate interpolation difficult. In such a case it would be desirable to suppress the diffusion in order to collect all the electrons at one anode.
implantation (for n-type silicon) perpendicular to the strips of the detector. This gives rise to a small potential barrier near the surface which results in suppression of the diffusion. The potentials applied to such a device must be chosen in such a way that the potential minimum lies close to the surface because the potential barriers are only present in the vicinity of the surface. This makes biasing of the device very critical since there is a significant chance that the electrons are trapped near the surface.
In section I1 we present an alternative method to diminish the effect of diffusion. This method consists of a change of the common rectangular shape of the p+-strips into a saw tooth shape. This creates a small electric field in the direction parallel to the surface and perpendicular to the drift direction of the electrons. This field confines the electrons within one period of the saw tooth. Depending on the dimensions of the saw tooth it is possible to confine the electrons throughout the whole thickness of the detector.
Another problem for regular two dimensional drift detectors is chat, for large detector areas, the amount of read out electronics becomes too large. A solution would be to use a drift detector that can provide drift time information for both dimensions. In section I11 we discuss a new type of drift detector that can be used for this purpose. Section IV contains conclusions and discussion. To diminish the effect of diffusion in the direction transverse to the drift direction, attempts have been made to use so called channel stops [4]. These are regions with p+ 0018-9499/94%04.00 0 1994 IEEE
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minimum in the z direction). Simulations show that in this respect the period of the saw tooth in the x-direction is the most important: The gutter extends to a depth corresponding to approximately one half of the saw tooth period. This is important in cases where one requires a position resolution smaller than the thickness of the detector. Then the biasing of the detector must be chosen in such a way that the potential minimum is situated closer to the surface.
In order to suppress lateral diffusion, a new drift detector design with saw tooth shaped strips has been developed. A schematic picture of such a design is shown in Fig. 2 . When a drift field is applied in the y-direction, a small electric field in the x-direction is created, due to the shape of the strips.
REAL 2 DIMENSIONAL DRIFT DETECTOR

A. Principle of Operation n+ p+
The second type of drift detector discussed in this paper will from here on be referred to as the E D 3 (Real 2 Dimensional Drift Detector). The principle of operation will be explained with the help of Fig. 4 . The detector consists of an n-type substrate with several concentric quadrilateral closed p+ strips and one n+ anode in the centre on the front side. The negative potential applied to the p+ strips is increasing from the centre to the edge of the detector. The back side of the detector consists of eight planes and four diagonal strips that are all kept at the same potential. When impinging radiation creates electron-hole pairs the holes drift to a strip at the front surface or to a back plane. The signal induced on the back plane can be used for self triggering. The electrons will travel in a direction perpendicular to the strips until they reach a diagonal. From that point on they will continue drifting along the diagonal towards the anode. The effect of the saw tooth strips on the potential is shown in Fig. 3 . To maintain all of the electrons within this gutter it is important that the gutter is deep enough and extends far enough into the bulk of the detector (as far as the potential
The potential in a plane parallel to the surface is shown in Fig. 5 , together with a typical electron track. Position information in two dimensions can be obtained when the time the electrons are generated, the time they reach the diagonal and the time they arrive at the centre are hown. The first can be provided by an external trigger, or, when this is not possible, by one of the back planes of the detector. The time the electrons reach the diagonal is obtained from the signal indi cenl iced on the diagonal strip, and the time they ani $e is obtained from the collecting anode. ve at the . Fig. 5 . Potential distributwn of one quadrant of the R2P for a constant z value. ALFo indicated is a typical electron track.
B . Fabrication
Three R2D3s were included in a batch fabricated in DIMES (Delft Institute of Microelectronics and Submicrontechnology) using n-type (1 1 1) silicon with a resistivity of 4-10 kncm and a thickness of 400 pm. The process used was comparable with the planar process developed by Kemmer [5,6] . The total size of each of the detectors was approximately 1 cm2, with an active area of 0.5 cm2. A picture of an R2D3 is shown in Fig. 6 . The strips are not completely covered with aluminium, because this allows a visible light laser to be used for testing the detector. The strip pitch was 250 pm and the strip width 200 pm. The leakage current of the detectors was in the order of 100 nA/cm2 for two of the detectors and 13 nA/cm2 for the third. The latter was used to collect the data presented in this paper. Fig. 6. Picture of the R 2 P , (a) front side and (b) back side.
C . Measurements
Because the back side of the detector consists of a continuous p+ implantation, increasing the drift field will result in a shift of the potential minimum towards the surface. Therefore, the drift field cannot be chosen too high, since then the electrons will recombine near the surface before they have reached the anode. Theoretically, the maxhum applicable drift field is twice the depletion voltage over the active detection area and is therefore related to the resistivity of the bulk material. It appeared that the R2D3 functioned best at a drift field of around 70 V/cm. For operation at higher drift fields, the use of silicon with lower resistivity would be desirable.
To test the detectors we made use of a pulsed laser with a wavelength of 675 nm and a pulse width of 50 ps. Because of this short wavelength, the strips of the detector could not be completely covered with aluminium. Therefore only small bond pads were present on the strips as can be seen in Fig. 6 . As explained above we need three time signals (start, intermediate and stop) to obtain 2 dimensional position resolution. The start signal is provided by the trigger of the laser, the intermediate by the diagonal strip on the back side, and the stop signal by the collecting anode. This is visualised in Fig. 7 . t yl L t* X Fig. 7. ,Visualisation of the rehtwn between the actually  measured time intervals Atl and At, and the drift times for the xand y-direction, tx and ty respectively. Thus the actually measured time differences are Atl and At,. These times can be transformed into two "orthogonal this we have to take into account at the electric field in the times" for the x and y axis, t, and respectively. When we do diagonal is smaller than the field outside the diagonal by a certain factor. Here we assume that this factor is equal to msa, where a is the angle between the diagonal and the y axis. Then the relations between &, fy, At, and At2 for y 2 x become:
(1)
For y S x, t, and 5 in Eq. (1) have to be exchanged. To demonstrate the two dimensional position resolution, we measured the drift times in one quadrant of the detector on grid points with a period of 250 pm in each direction, equal to the strip pitch (Fig. 8) . Fig. 9 gives the simulated result of such a measurement. The deviation from a perfect square is caused by the fact that the electric field the electrons experience on the diagonal is apparently smaller than l/cosa times the field in the linear region. The deviation of the points on the diagonal can be explained when we look at the path the electrons follow:
Electrons travel towards the diagonal in a straight line, but will be bent from this line towards the centre before they actually reach the diagonal. This implies that the electrons reach the diagonal somewhat later than they would have if they had remained on the straight line. Important to mention is that in this simulation the effect of diffusion of the electrons was not taken into account. This could be of great influence since underneath the strips close to the surface the field becomes almost zero. With diffusion the electrons could pass these regions much faster. f W) Fig. 10 shows a typical result of the actual measurements. There are some differences with the simulated results. First of all, the values of the drift times are much smaller than the simulations indicate. The reason for this is probably the effect of diffusion, as explained above. Another difference concems the overall shape of the picture. Instead of being stretched along the diagonal (Fig. 9 ) the points in this picture seem to be contracted in the same direction. There are two possible explanations for this. One is that the field the electrons experience on the diagonal is larger than l/cosa times the field in the linear region. The value of this field is in fact difficult to predict, since it is very much influenced by the shape of the p+-strips, as can be seen in Fig. 5 . The second possible explanation for the different shape of the picture is that the potential on the strips decreases with the distance to the bond pad. Since these pads are situated at the diagonal (Fig. 6 ) this could also result in a deformation that is symmemc with regard to the diagonal. A reason for this variation in potential could be a non negligible resistance of the p+ implantation.
What is more important than the exact drift time as a function of position is the reproducibility of these times. When the reproducibility of the measurements is good, curves as those shown in Fig. LO could be used for calibration. For this reason we performed a series of five measurements and calculated the drift time resolution from it. It appeared that the time resolution obtained with this detector was approximately 0.05 ps (0 value). In this case, where the drift field was 70 V/cm, that corresponds to a position resolution of 50 pm. These measurements were not temperature controlled, which means that the time resolution could partially be caused by temperature variations. A temperature variation of 2 K for instance induces a variation in the electron mobility, and thus in the drift time, of approximately 2 %. With the drift times measured here this is not negligible. 
Iv. CONCLUSIONS AND DISCUSSION
In this paper, two new ideas were presented for two dimensional drift detectors. The saw tooth design is useful for diminishing lateral diffusion in cases where a small number of electrons have to be detected with reasonable position resolution, and the relatively large amount of read out electronics is no problem. The second design @2D3)
demonstrates for the first time a drift detector with two dimensional drift time read out. The position resolution obtained with a pulsed laser beam appears to be quite satisfactory for a first attempt. The intrinsic capabilities of the detector are such that it can have an energy resolution comparable to circular drift detectors [7,8], because of the small size of the anode. Since future applications of the R2D3 could very well lie in the field of X-ray detection, further investigation of the detector's behaviour for this type of radiation should take place. It is important to perform future measurements in a temperature controlled environment, in order to eliminate the effect of mobility fluctuations. Also, should this detector be produced with lower resistivity silicon, in order to allow larger drift fields.
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